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Previous studies have suggested that transepidermal
water movement may play an important role in
epidermal homeostasis and barrier repair. Here we
analyzed cutaneous barrier function, epidermal morpho-
logy, and lipid content of the stratum corneum in
hairless mice maintained in a high relative humidity
(RH > 80%) versus low humidity (RH < 10%) environ-
ment for 2 wk. Basal transepidermal water loss was
reduced by 31% in animals maintained in a dry versus
humid environment. Moreover, the number of lamellar
bodies in stratum granulosum cells, the extent of
lamellar body exocytosis, and the number of layers of
stratum corneum increased in animals kept in a dry
environment. Furthermore, the dry weight of the
Amajor function of the epidermis is to generate a permeab-ility barrier against excess transcutaneous water loss. Thisbarrier localizes to the extracellular domains of thestratum corneum (SC) and is mediated by lipid enrichedlamellar membranes. Disruption of the barrier by organic
solvents, detergents, or tape stripping elicits a homeostatic repair
response in the epidermis that rapidly results in restoration of barrier
function. This repair response includes (i) exocytosis of lamellar body
contents from stratum granulosum (SG) cells (Menon et al, 1992); (ii)
increased epidermal cholesterol, fatty acid, and sphingolipid synthesis
(Elias et al, 1993); (iii) accelerated formation and further secretion of
nascent lamellar bodies (Menon et al, 1992); (iv) extracellular processing
of polar lipids, such as glucosylceramides (Holleran et al, 1993) and
phospholipids (Man et al, 1995) to their more nonpolar products, i.e.,
ceramides and fatty acids; and (v) an increase in epidermal DNA
synthesis (Proksch et al, 1991). Together, these metabolic alterations in
the epidermis result in the return of lipid to the extracellular domains
of the SC and the rapid normalization of barrier function.
Although the signals that regulate these responses are not yet fully
understood, water movement may play an important role in signaling
barrier repair processes, because occlusion with a water-vapor imper-
meable membrane inhibits barrier recovery (Grubauer et al, 1989).
Therefore, it is likely that factors that regulate transcutaneous water
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stratum corneum and the thickness of the epidermis
also increased in a dry environment. In addition, total
stratum corneum lipids increased but lipid analysis
revealed no significant differences in lipid distribution.
Lastly, barrier recovery following either acetone treat-
ment or tape stripping was accelerated after prolonged
prior exposure to a dry environment, while conversely, it
was delayed by prior exposure to a humid environment.
These studies demonstrate that environmental condi-
tions markedly influence epidermal structure and func-
tion, and suggest mechanisms by which the environment
could induce or exacerbate various cutaneous disorders.
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movement could modulate cutaneous barrier function. In addition to
barrier status, ambient humidity will also influence the transcutaneous
diffusion of water: whereas low humidity environments should increase
rates of transcutaneous water movement, high external humidity should
decrease water movement. Yet, in vitro studies have shown that exposure
of cultured keratinocytes to an air interface stimulates differentiation,
stratification, SC formation, as well as improved barrier function (Mak
et al, 1991). Moreover, further lowering of the external humidity
surrounding these cultures results in additional maturation. Further-
more, we recently demonstrated in fetal skin explants that the time
table for development of a morphologically normal SC and a competent
barrier is accelerated by incubation at the air–medium interface
(Hanley et al, 1997). Taken together, these observations suggest
that environmental conditions, particularly humidity, may regulate
keratinocyte function and epidermal metabolism. In this study, we
determined the effects of extremes in environmental humidity on
epidermal structure and function in intact hairless mice.
MATERIALS AND METHODS
Animals and experimental protocols Seven to 10 wk old male hairless
(HR-1) mice were purchased from Hoshino, Japan. Prior to initiating these
experiments, animals were kept in individual cages for at least 4 d. These cages
were placed in the same room with temperature maintained at 22–25°C at a
relative humidity of 40%–70%. Animals maintained at a relative humidity of
40%–70% constitute the control group. The animals were then assigned to two
groups. One group was subjected to a dry air environment, and the other
group was subjected to a humid air environment. The dry group was maintained
in a 7.2 liter cage in which the relative humidity was maintained at less than
10% with dry air. The humid group was maintained in identical cages at a
relative humidity above 80% with humid air. The temperature for both groups
was kept at 22–25°C with fresh air circulated 100 times per hour; animals in
the cages were not directly exposed to the air stream. The level of NH3 was
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always lower than 1 ppm. During the course of the study the animals did not
get ill and the weight gain and food intake of both groups were similar.
Basal barrier function and recovery kinetics Cutaneous barrier function
was evaluated by measurement of transepidermal water loss (TEWL), using an
electrolytic water analyzer (Meeco, Warrington, PA), as described previously
(Denda et al, 1997). For barrier recovery experiments, one flank was treated
with either sequential tape stripping or with repeated application of acetone-
soaked cotton balls until the TEWL reached 7–10 mg per cm2 per h, as
described previously (Denda et al, 1997). TEWL was then measured over the
same sites at 0, 2, 4, 8, 12, and 24 h after barrier abrogation. Barrier recovery
results are expressed as percentage recovery, because of variations from day to
day in the extent of barrier disruption. In each animal the percentage recovery
was calculated by the following formula: 1 – [(TEWL immediately after
treatment – TEWL at indicated time)/(TEWL immediately after treatment –
baseline TEWL)] 3 100%. For histologic studies, animals were sacrificed 4 h
after acetone treatment and skin samples were isolated for analysis.
Lipid content analysis Full-thickness animal skin was excised from animals
kept in either the dry or the humid environment for 2 wk. The skin samples
were incubated with 10 mM ethylenediamine tetraacetic acid at 37°C for
30 min to separate the epidermis from the dermis. Nucleated epidermal cells
were separated from SC by further incubation with 0.5% trypsin in phosphate-
buffered saline for 30 min, followed by vortexing. Stratum corneum samples
were freeze-dried and weighed. SC lipids were extracted by the method of
Bligh and Dyer (1959), dried, weighed, and stored at –70°C until analyzed.
Lipids were fractionated and quantitated by high performance thin layer
chromatography (HPTLC) followed by charring and scanning densitometry
using the method described by Ghadially et al (1995). Lipids solubilized in
chloroform-methanol (2:1 vol) were spotted on high performance thin layer
chromatography plates (Merck, Darmstadt, Germany) using a CAMAG Linomat
IV Autospotter (CAMAG Scientific, Wilmington, NC). After development,
the plates were charred, scanned, and quantitated using an automated TLC
Scanner (CS930; Shimadzu, Kyoto, Japan).
Light and electron microscopy Epidermal morphology and thickness were
evaluated on skin samples after fixation in 4% paraformaldehyde, embedding in
paraffin, and hematoxylin and eosin staining. From each section four areas were
selected at random and the thickness of the epidermis was measured with an
optical micrometer. Previous studies have shown that measuring thickness at
four sites resulted in very similar results to measuring thickness at 20–30 sites.
Measurements were carried out without knowledge of the prior experimental
treatment.
Skin samples for fluorescence microscopy were embedded in OCT com-
pound, sectioned, and 4 mM Nile red (100 g per ml, 75% glycerol) was applied.
Sections were examined with a microscope (Vanox AHBT3, Olympus) equipped
for epifluorescence at an excitation of 470–490 nm and emission of 520 nm
(Aszterbaum et al, 1992).
Full-thickness skin samples for electron microscopy were minced into pieces
(,0.5 mm3) and fixed in modified Karnovskys fixative overnight. They were
then postfixed in 0.2% ruthenium tetroxide or 2% aqueous osmium tetroxide,
both containing 1.5% potassium ferrocyanide in the dark, as described previously
(Ghadially et al, 1995). After fixation, all samples were dehydrated in graded
ethanol solutions, and embedded in an Epon-epoxy mixture. Thin sections
were stained with lead citrate and uranyl acetate and viewed by electron
microscopy (Ghadially et al, 1995). The number of SC layers was determined
from osmium post-fixed material. Three points were selected at random and
the number of SC layers counted. Measurements were made without knowledge
of the prior experimental treatment. The volume of cytosol occupied by
keratohyalin granules was quantitated planimetrically from photographs of
randomly obtained sections at a constant magnification, using computer software
(NIH image). The volume of cytosol occupied by lamellar bodies was also
quantitated planimetrically from photographs of randomly selected sections at
a constant magnification, using computer software (NIH image). In both cases,
because of difficulties with electron microscopy in calculating volume densities,
we presented our results as granules per unit area (mm2).
Statistics The results are expressed as the mean 6 SD or SEM. Statistical
differences between two groups were determined by a two-tailed Student’s test.
In the case of three groups (Table I; Fig 1), differences were determined by
ANOVA test (Fisher’s protected least significant difference). All data were
compared either with simultaneously studied animals, maintained at high or
low humidity, or to controls maintained at ambient humidities.
RESULTS
Basal barrier function is enhanced by low humidity We initially
compared TEWL rates under basal conditions. Despite relatively low
Table I. Effect of humidity on TEWLa
Dry Control Humid
13.8 6 2.6 15.3 6 1.6 19.9 6 5.0
N.S. p 5 0.0002
p , 0.0001
aHairless mice were maintained in a dry (RH ,10%) or humid (RH .80%) environment
for 14 d. Control animals were maintained at a humidity of 40%–70%. Dry, humid, and
control, n 5 18 each. Results are mean 6 SD (mg m2 h). (p values were calculated by
Fisher’s protected least significant difference.)
Figure 1. Relative humidity influences not only basal TEWL but also
epidermal morphology. Thickness of epidermis (A) and number of SC layers
(B) are increased by low humidity. Mean 6 SD. (A) Dry (RH , 10%, n 5
12), control (RH 5 40%–70%, n 5 7), humid (RH . 80%, n 5 12); (B) dry,
control, and humid (n 5 6 each, *p , 0.05; ***p , 0.005; p values were
calculated by Fisher’s protected least significant difference).
TEWL levels in all groups, the baseline TEWL in the animals
maintained in the dry environment for 2 wk was significantly lower
(31%) than in animals maintained in the humid environment (Table I)
(p , 0.0001). Animals maintained at normal relative humidities of
40%–70% (controls) displayed a basal TEWL rate midway between the
dry and humid groups.
Thickness of epidermis and SC is increased by low
humidity We next examined the epidermal morphology of animals
maintained at different humidities. In the dry group, epidermal thick-
ness, as determined by light microscopy (Fig 1A), and the number of
SC cell layers, as determined by electron microscopy (Fig 1B), were
increased in comparison with the humid group. In control animals
maintained at a normal relative humidity, the number of SC layers was
midway between the dry and humid group (Fig 1B), whereas the
thickness of the epidermis was similar to the humid group (Fig 1A).
These studies show that relative humidity influences not only basal
TEWL but also epidermal morphology.
Lamellar body secretory system and lamellar membranes are
increased by low humidity We next analyzed the lamellar body
secretory system in the epidermis of mice kept in a dry versus humid
environment for 2 wk by electron microscopy (Fig 2A, B). There
were clear differences in both the density of lamellar bodies in the
cytosol and the quantities of secreted lamellar body contents at the
SG–SC interface between the two groups. In samples from the dry
group, increased numbers of lamellar bodies were apparent (Fig 2A),
exocytosis was accelerated with increased engorgement of the SG–SC
interface, and exocytosis occurred not only from the outermost SG
cells, but also from deeper layers of the SG resulting in extracellular
lamelli in the SG layer (arrows). In contrast, in samples from the humid
group decreased numbers of lamellar bodies and reduced quantities of
secreted lamellar contents were present at the SG–SC interface (Fig 2B).
Quantitation of lamellar bodies per area of epidermis in animals
maintained for 2 wk in a dry or humid environment is shown in
Fig 2(C). The quantity of lamellar bodies is much higher in animals
maintained in a dry environment than in a humid environment,
particularly in the lower layers of the SG. Finally, the total area
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Figure 2. Lamellar body secretory system and lamellar membranes are
increased by low humidity. Electron micrograph of the epidermis of animals
maintained in a dry (RH , 10%) (A) or humid (RH . 80%) (B) environment
for 2 wk. The number of lamellar bodies (arrowhead) was increased in the epidermis
in the dry group (A) and exocytosis was accelerated in the deeper layers of the
epidermis (arrow). Fewer lamellar bodies (arrowhead) and less exocytosis (arrow) was
observed in the epidermis from animals maintained in a humid environment (B).
Scale bars: 1 µm. (C) Lamellar bodies per area of epidermis were measured in
animals maintained for 2 wk in a dry or humid environment. The upper layer was
from the SC–SG interface to 2.5 µm depth in the epidermis and the lower layer
was between 2.5 and 5.0 µm in depth from the SC–SG interface. In the upper
layer, the percentage of area occupied by lamellar bodies was more than two times
higher in animals maintained in a dry versus humid environment. In the lower
area, the increase in lamellar bodies in the dry group is even greater. The results
are presented asmean 6 SEM (n 5 20) (p values were calculated byStudent’s t test).
Figure 3. Keratohyalin granules increase with low humidity. Keratohyalin
granules per length of epidermis was measured in animals maintained for 2 wk
in a dry (RH , 10%) or humid (RH . 80%) environment. The results are
presented as mean 6 SEM (n 5 20). **p , 0.01 (p values were calculated by
Student’s t test).
Figure 4. SC lipid content increases with low humidity. Dry weight of
SC (A) from mice that had been maintained for 2 wk in a dry (RH , 10%)
or humid (RH . 80%) environment. Results are presented as mean 6 SD
(n 5 6 for each group). Lipid analysis of SC per cm2 (B) and per mg of dry
weight (C) from animals maintained for 2 wk in a dry or humid environment.
Results are mean 6 SD (n 5 3–5) (p values were calculated by Student’s t test).
occupied by keratohyalin granules in the epidermis was significantly
greater in the dry than the humid group (Fig 3). These observations
indicate that the dry environment stimulates whereas the moist environ-
ment inhibits the lamellar body secretory system and differentiation.
SC lipid content increases with low humidity To determine
whether the enhanced barrier function in a dry environment can be
explained by changes in SC lipid content and/or distribution, we next
analyzed SC lipid composition in the two groups. As shown in
Fig 4(A), the dry weight of the SC increased in animals maintained
in a dry environment, consistent with the increased number of SC
layers described above (Fig 1B). In parallel with the 2-fold increase in
the dry weight of the SC in animals maintained in a dry environment,
the total lipid weight of cholesterol, free fatty acids, and ceramides in
the SC per cm2 increased µ2-fold in the dry environment group
(Fig 4B); however, distribution of ceramides, cholesterol, and free
fatty acids per mg of dry SC were comparable in the two groups
(Fig 4C), indicating that humidity does not affect lipid species. In
combination with the morphologic studies described above, these
results indicate that a dry environment stimulates the formation of
increased quantities of lipid-enriched lamellar membranes in parallel
with the increased number of SC cell layers.
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Figure 5. Barrier recovery accelerates after prolonged exposure to a
dry environment. The time course of barrier recovery following tape stripping
in animals maintained in a dry (RH , 10%) or humid (RH . 80%) environment
for 0 (A), 1 (B), or 2 (C) wk. The barrier was disrupted with tape stripping
until TEWL reached 7.0–10.0 mg per cm2 per h. TEWL was measured at the
times indicated after barrier disruption. Results are mean 6 SD (n 5 4).
*p , 0.05, **p , 0.01 (p values were calculated by Student’s t test).
Barrier recovery accelerates after prolonged exposure to a dry
environment We next determined whether the changes in epidermal
morphology that occur in response to extremes of humidity affect
permeability barrier homeostasis. Figure 5 shows barrier recovery rates
following tape stripping immediately (i), 1 wk (ii), or 2 wk (iii) after
exposure to the dry or humid environment. Barrier recovery rates
were significantly faster in animals maintained in the dry environment
for 2 wk versus animals kept in the humid environment for 2 wk
(Fig 5C). Although a similar result was observed after 1 wk (Fig 5B),
Figure 6. Dry environment accelerates barrier recovery rate; in contrast,
humid environment delays it. The percentage barrier recovery 4 h after
tape stripping (A) or acetone treatment (B) in animals maintained in a dry
(RH , 10%) or humid (RH . 80%) environment for 2 wk. The barrier was
disrupted with tape stripping or acetone treatment until TEWL reached 7.0–
10.0 mg per cm2 per h. TEWL was measured 4 h after barrier disruption.
Results are mean 6 SD (n 5 4). *p , 0.05, **p , 0.01, ***p , 0.001
(p values were calculated by Student’s t test).
the differences between the dry and humid groups were smaller than
after 2 wk. In contrast, the rates of barrier recovery in animals incubated
in dry or humid environments immediately after barrier disruption
were similar (Fig 5A), indicating that the effect of environment
requires prolonged exposure.
To further compare the effect of humidity on barrier recovery the
percentage barrier recovery 4 h after tape stripping is shown for the
six groups of animals in Fig 6(A). Animals maintained in a dry
environment progressively accelerated their rates of barrier repair after
tape stripping as length of exposure to the dry environment was
increased. In contrast, animals maintained in a humid environment
exhibited a progressive decline in their rates of barrier recovery with
time (Fig 6A).
Finally, to determine if the effects of humidity are related to the
method of acute barrier disruption, we next determined the effects of
maintaining animals for 2 wk in a dry or humid environment on
barrier recovery kinetics after acetone induced barrier disruption. As
shown in Fig 6(B), maintenance of animals in a dry environment
resulted in accelerated barrier recovery after acetone treatment, whereas
maintenance in a humid environment delayed barrier recovery. These
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Figure 7. Dry environment stimulates rates of lipid deposition. Neutral
lipid deposition in the outer part of the epidermis 4 h after acetone treatment
from mice that had been maintained for 2 wk in a dry (RH , 10%) (A) or
humid (RH . 80%) (B) environment. Intense yellow-gold (neutral lipid: arrow)
membrane staining is seen in the outermost part of the epidermis in the dry
group. Neutral lipid membrane formation was not observed in the epidermis
in the humid group. Scale bars: 5 µm.
results are identical to those seen with tape stripping. Thus, pre-existing
environmental conditions markedly influence the response of the
epidermis to barrier perturbations, independent of the method of
barrier disruption.
A dry environment stimulates rates of lipid deposition and
lamellar membrane formation To ascertain if these differences in
barrier recovery rates are associated with differences in the delivery of
lipids to the SC, we next analyzed Nile red stained skin after barrier
disruption in mice kept in a dry versus humid environment for 2 wk.
In animals maintained in a dry environment, abundant intercellular
lipids were present in the upper epidermis 4 h after barrier disruption
as indicated by Nile red fluorescence (Fig 7A, arrows). Likewise,
with electron microscopy, abundant mature extracellular membrane
structures were observed 4 h after acetone treatment in the dry group
(Fig 8A). In contrast, animals maintained in a humid environment for
2 wk did not show any return of lipid to the SC, i.e., by 4 h little or
no membrane staining for neutral lipid was observed (Fig 7B).
Moreover, immature membrane structures predominated in the SC
interstices in the humid group (Fig 8B). These results show that
the acceleration in barrier recovery in animals maintained in a dry
environment is associated with a more rapid restoration of intercellular
lamellar membranes in the SC.
DISCUSSION
This study demonstrates that environmental conditions markedly influ-
ence epidermal structure and function. Animals maintained for 2 wk
in a dry environment display a decrease in basal TEWL in comparison
with animals kept in a high humidity environment. This enhanced
barrier function is associated with marked changes in epidermal
morphology. The SC is thicker with more cell layers, and abundant
extracellular lamellar membrane structures are present in animals
maintained in a dry environment. Moreover, lamellar bodies are more
numerous in SG cells and lamellar body secretion is accelerated and
occurs from deeper layers of the SG. Additionally, keratohyalin granules
are increased in number in animals in the dry group versus the moist
group. These morphologic differences between the dry versus moist
groups probably account for the differences in basal barrier function,
as previous studies by our laboratory have shown that the extent of
Figure 8. Dry environment stimulates lamellar membrane formation.
Electron micrographs of the intercellular lipid bilayer structure in the SC 4 h
after acetone treatment in animals maintained in a dry (RH , 10%) (A) or
humid (RH . 80%) (B) environment for 2 wk. The intercellular lipid bilayer
structure was thick in the SC of the dry group (A), whereas in the humid
group, abnormal bilayer structures were observed (B). Scale bars: 0.2 µm.
extracellular lamellar membranes in the SC correlates with barrier
function (Lampe et al, 1983).
Although a dry environment stimulates the lamellar body secretory
system and lamellar membrane formation, it does not result in structural
abnormalities. Although more abundant, the morphologic appearance
of the lamellar bodies and lamellar membranes in the animals maintained
in the dry environment is very similar to that observed in the high
humidity environment. Moreover, whereas the total quantity of lipids
in the SC is increased by the dry environment, both the lipid weight
percentage and the distribution of individual lipid species are virtually
identical in animals maintained under dry versus humid conditions.
Together, these results suggest that the dry environment stimulates
increased production of normal lamellar bodies and extracellular
membranes.
The changes induced by prolonged exposure to environmental
extremes greatly influence the ability of the epidermis to respond to
perturbations of the barrier. Barrier recovery following either tape
stripping or acetone treatment is accelerated in animals maintained in
a dry environment. Conversely, barrier recovery is delayed in animals
maintained in a high humidity environment. This stimulation or
inhibition of barrier repair changes progressively with duration of
exposure to either the dry or the high humidity environment. Of
note, the rate of barrier recovery in animals placed in a dry or humid
environment immediately after barrier disruption does not change,
indicating that the effect of humidity depends on an extended period
of exposure. One can speculate that the dry environment stimulates
the lamellar body secretory system, thereby priming the epidermis for
barrier repair, whereas the decrease in the lamellar body secretory
system in animals maintained in a moist environment results in less
lipid delivery, thereby retarding barrier repair. The mechanism(s) by
which changes in external humidity regulate epidermal function is
(are) unknown. One can postulate that low humidity increases the
transcutaneous movement of water, which could regulate metabolic
processes in the epidermis, but the precise mechanisms by which
the epidermis recognises environmental conditions and signals the
underlying epidermis remain to be elucidated.
These observations may be clinically relevant. Clearly, exposure to
a dryer than normal environment places stress on the underlying
epidermis, which must respond to the challenge. Dermatoses, including
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atopic dermatitis and psoriasis, as well as chronologically/photoaged
skin, are characterized by abnormal barrier function (Grice, 1980;
Pinnagoda et al, 1989; Marks et al, 1990; Ghadially et al, 1995). The
superimposition of environmental stress produces additional demands,
often resulting in either disease exacerbation, or the appearance of
disease in previously uninvolved skin. Although the nature of the
signal(s) is (are) not known, the resulting pathophysiology presumably
reflects increased signaling by molecules that are released in response
to barrier perturbations. Prior studies in man and in adult hairless mice
have shown that the generation of several epidermal cytokines (Wood
et al, 1992; Nickoloff and Naidu, 1994) and growth factors (Liou et al,
1997) increases after barrier perturbations. Several of these proteins are
increased in involved psoriatic and atopic epidermis (Krueger et al,
1990; Nickoloff et al, 1991); whether low humidity causes a further,
incremental increase is not known.
In summary, these studies demonstrate that environmental conditions
markedly influence epidermal structure and function, and suggest
mechanisms by which the environment could induce and/or exacerbate
cutaneous disorders.
We gratefully appreciate the contribution of Atsushi Kidachi, Niki Co. Ltd. on the dry
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